Computer graphics technology called virtual reality (VR) creates a visual scene, in which the user feels immersed. As the user makes active head movements, the computer determines the new direction of gaze and recreates the scene from the
INTRODUCTION
new point of view (1) . The VR system allowed us to easily coordinate incoherent visual-vestibular conflict to induce motion sickness and postural instability. On the contrary, several previous studies including ours reported that adaptation to incoherent sensory inputs in VR decreases the visual dependency on postural control (1) (2) (3) .
However, in our previous VR study, ready-made software showed limitations in the control of sensory inputs (1) . In the present study, we strictly controlled and arranged the visual, vestibular and somatosensory inputs, and examined the effects of visualvestibulosomatosensory conflict induced by VR on subjective dizziness, posture stability and visual dependency on postural control in humans.
MATERIALS AND METHODS
Subjects were 11 healthy young volunteers (10 males and 1 females, ranging from 22 to 38 years old, mean age : 29.7 years old). All subjects had a normal otoneurologic examination. Informed consent was obtained from all subjects, and all experimental procedures were approved by the Ethics Committee for Human and Animal Research of the Human Stress Signal Research Center at the National Institute of Advanced Science and Technology.
The VR system used in the present study was previously described (4-6). Briefly, it was a projection-based system that surrounds the subject with four screens : three rear projection screens for walls and a down-projection screen for a floor space 9 m 2 each (CAVE ; Electronic Visualization Laboratory, University of Illinois, Chicago, IL). Subjects wore polarized glasses to resolve the stereoscopic imaginary. An electromagnetic tracking system attached to the glasses determined the location and angle of the user's head orientation.
Subjects were then immersed in two different VR conditions. The background in both conditions was made of a randomized texture pattern (4) . First, in the control condition, an interactive computer graphics synchronizes the background image proportionally to the subject motion. Under the condition, subjects were exposed to 5 minutes of immersion in the VR and went forward and backward straightly for 3 m at their own pace keeping their face forward. Subjects were at rest for 3 min after the control condition.
Second, in the conflict condition, subjects were kept still for 5 minutes, but a computer graphics reproduced the visual fields they experienced in the control condition where data were based on the tracking system. We measured the subjects' symptoms and postural instability before and after the two conditions. The levels of the severity of motion sickness were given numerical scores according to Graybiel's criteria as described previously (4, 7). Total score ranges from 0 to 50. The subjective balance symptom questionnaire of Hamilton et al., was also applied (4, 8, 9) , where total score ranges from 0 to 16. Higher scores on both questionnaires reflected more severe symptoms. The body sway was recorded with a force platform (1G06 ; NEC, Tokyo, Japan) before and after both conditions with eyes opened and closed. The area covered by the sway path was calculated. Each subject was asked to stand as still as possible on the force platform with both arms beside the body and feet close together with eyes open and closed for 60 seconds each. During the measurement with eyes open, subjects were asked to look at a fixed point over a plain dark screen at eye level of 3-m from the front wall. Romberg ratio was calculated as the area covered by the sway path with eyes closed divided by that with eyes open.
Differences of data between the two conditions as well as those collected before and after the conditions were analyzed by Wilcoxon's signed-rank test, using SPSS for Windows version 18.0 (IBM Japan, Tokyo, Japan).
RESULTS
After the conflict condition, scores of both Graybiel's and Hamilton's criteria were significantly increased (Fig. 1) . However, no change in both scores was noticed in the control condition. After the conflict condition, the area of body sway path with both eyes open and closed was significantly increased ( Fig. 2A, B) . However, it was unchanged after the control condition. In addition, the mean Romberg ratio in post-conflict condition was slightly decreased compared with the pre-conflict one (0.937 !0.078 vs. 1.035 !0.074) (Fig. 2C ).
DISCUSSION
In this study, we used VR technology and created different sensory conditions in VR world. In the control condition, subjects walked voluntarily with interactive computer graphics background images proportionally synchronized to their walking. However, in the visual-vestibulosomatosensory conflict condition, subjects kept still with the background images that they experienced in the control condition presented to them. After immersion in this conflict condition, scores of both Graybiel's and Hamilton's criteria and the area of body sway path with both eyes open and closed were significantly increased (Fig. 1) . These findings suggest that sensory inputs of the visual-vestibulosomatosensory conflict in VR immersion induced motion sickness in these subjects, resulting in subjective dizziness and objective postural instability.
The neural mismatch hypothesis of motion sickness stipulating that conflicting inputs from visual, vestibular and somatosensory systems produce motion sickness is widely accepted (10, 11) . Accordingly, inputs from the vestibular, visual, and somatosensory systems converge on the vestibular nuclei, cerebellum, and parietal cortex, where they are integrated into a common signal, of which function is to determine the individual's motion status relative to his or her environments (11) . A conflict occurs when the integrated sensory signal is compared and found at variance with previously recognized and stored motion paradigms (12) . This results in a mismatch signal that initiates motion sickness symptomatology, leading to the subjective dizziness and objective postural instability (Fig 1 &  Fig 2A, B) .
In this study, the Romberg ratio was slightly decreased after VR immersion in the conflict condition (Fig. 2C) , suggesting a reduction of visual dependency on postural control. In our previous study, visual-vestibular conflict in VR immersion for 39 minutes significantly decreased Romberg ratio without evident motion sickness and postural instability (1). Since motion sickness is induced by the neural mismatch signal in the process of adaptation (11), it is suggested that after adaptation to visual-vestibular conflict, the visual dependency on postural control was definitely decreased by ignoring the conflicting delayed visual input in the VR world. In the present study, however, immersion in VR lasted 5 minutes, suggesting that incomplete adaptation to visual-vestibulosomatosensory conflict induced motion sickness with a limited contribution of visual inputs to postural control. Visual-vestibulosomatosensory conflict is so complex that longer immersion for adaptation is probably needed to induce sensory re-weighing in postural control.
In this study, the control condition was followed by the conflict condition. Because in the conflict condition a computer graphics reproduced the visual fields in the previous control condition, testing order was not able to be changed. One can assume that there can be a sequence bias of the condition affecting the subjective and objective measures. We cannot completely exclude this possibility, but the subjective and objective measures before the conflict condition was not significantly different from that before the control condition ( Fig. 1 and 2 ). Thus it is suggested that the bias effects may be little and can be ignored.
In conclusion, by its ability for sensory re-weighing in postural control (1), VR can be used as rehabilitation tool for dizzy patients with unsuccessful compensation to vestibular lesion. However, the problem of symptoms including nausea and postural instability associated with VR immersion must be resolved. Instead of ready-made software, the conflict due to the combination of visual, vestibular and somatosensory inputs in VR world that is strictly arranged and controlled will be more effective in reducing the visual dependency on postural control with less motion sickness.
